Zinc oxide (ZnO) thin films (with thickness ranged from 780 nm to 1150 nm) were prepared by thermal oxidation in air (at 600-700 K, for 20-30 min) of vacuum evaporated metallic zinc films. The Zn films were deposited on glass substrates at room temperature. The crystalline structure of ZnO thin film samples was investigated using X-ray diffraction technique. The diffraction patterns revealed that the ZnO thin films were polycrystalline and have a wurtzite (hexagonal) structure. The film crystallites are preferentially oriented with (002) planes parallel to substrate surface. Some important structural parameters (lattice parameters of the hexagonal cell, crystallite size, Zn-O bond length, residual stress, etc.) of the films were determined. The surface morphology of the prepared ZnO thin films, investigated by atomic force microscopy, revealed a uniform columnar structure. The spectral dependence of transmission coefficient has been studied in the wavelength range from 300 nm to 1700 nm. The optical energy band gap calculated from the absorption spectra (supposing allowed direct band-to-band transitions) are in the range 3.17-3.19 eV. The dependence of the microstructural and optical characteristics on the preparation conditions (oxidation temperature, oxidation time, etc.) of the oxidized zinc films is discussed.
Introduction
Due to their wide direct optical band gap (about 3.37 eV at room temperature), high transmission coefficient (> 80%) in the visible and near infrared spectral range, high electrical conductivity, important piezoelectric and photoelectric properties (e.g. large exciton binding energy of 60 meV at 300 K) [1] [2] [3] [4] [5] [6] [7] [8] , zinc oxide (ZnO) thin films and nanostructures have an increasing role in modern solid state device technology (transparent field effect transistors, light emitting diodes, gas sensors, solar cells, transparent conducting electrodes, electronics in ultraviolet and blue spectral ranges, etc.) [1, 2, [9] [10] [11] [12] [13] .
A significant progress in the preparation technology of films and heterostructures based on ZnO has been observed in the last years [1, [5] [6] [7] [8] .
Many techniques have been used in order to prepare high-quality ZnO thin films, including magnetron sputtering, molecular beam epitaxy, pulsed laser deposition, spray pyrolysis, spin coating, chemical vapor deposition, etc. [3] [4] [5] [6] [14] [15] [16] [17] .
Few information relating to ZnO thin films prepared by thermal oxidation of metallic zinc films are reported in literature [5] [6] [7] [8] . Thermal dry oxidation (oxidation in oxygen ambient) is the most frequently used method of oxide formation during this process. It is however well known that structural, electronic transport and optical properties of ZnO thin films strongly depend both on structural characteristics of metallic zinc films (which, in their turn, depend on the deposition parameters) and on * corresponding author; e-mail: d_i_rusu@yahoo.com the oxidation conditions (oxidation temperature, heating rate, oxidation time, etc.).
It was shown that the use of thermal oxidation of zinc films for producing ZnO thin films is recommended because this is low-cost method which provides the possibility of obtaining stoichiometric and homogeneous films, doped films and ZnO films with large thickness.
An important number of experimental results are, at present, obtained by using thin films with lower thicknesses (usually, less than 200 nm). As compared with other methods, the oxidation of the metallic zinc films has some important advantages: simplified deposition process, the possibility of controlling structural characteristics, processing of multilayered structures, etc. [5] [6] [7] .
In the present paper we report on the structural and optical characteristics of the ZnO thin films prepared by thermal oxidation in air of metallic zinc films. Some correlations between the film structure, optical properties of ZnO films and their preparation conditions were established.
Experimental
Metallic zinc thin films were deposited onto glass (Corning 2947) substrates by thermal evaporation under vacuum (using the quasi-closed volume technique [18] ). The material for evaporation was metallic zinc powder having a purity of 99.993%. Zinc oxide thin films were prepared by thermal oxidation (in open atmosphere at relative humidity about 60%) of as-deposited zinc metallic thin films.
Before deposition, the substrates were cleaned with chromic acid, ethanol and double-distilled deionized water. Finally, they were dried in vacuum at temperature of 600 K for 1 h. More details on the deposition equipment have been described in detail in our previous papers [7, 18, 19] .
The following values of deposition parameters were used: evaporator (source)-substrate distance, d es = 8 cm; source temperature, T ev = 700 K; deposition rate, r d = 13-14 Å/s; substrate temperature, T s = 300 K. These parameters are kept constant during the deposition for all zinc films referred in this paper.
The oxidation process consisted of the three successive technological steps: (i) heating of zinc films from room temperature to the oxidation temperature, T 0 (T 0 was varied between 600 and 700 K, with increasing temperature rate of 6-8 K/min); (ii) annealing for a certain oxidation time τ 0 (τ 0 = 20-30 min) at oxidation temperature, T 0 ; (iii) cooling down from the oxidation temperature to room temperature with a temperature decreasing rate of 10-15 K/min. These oxidation conditions permit to prepare ZnO thin films with stable structure, stoichiometric and homogeneous composition and with good adhesion to the substrate.
The thickness of ZnO thin films (which ranged between 780 nm and 1150 nm), was determined by an interferometric method (multiple-beam Fizeau's fringe method [13] by the reflection of a monochromatic light--beam with λ = 550 nm).
The crystalline structure of ZnO films was analysed by X-ray diffraction (XRD) technique, using Cu K α radiation (λ = 1.5418 Å) in the 2θ range from 20
• to 90
• [20, 21] . The surface microstructure of the films was examined by an ex situ atomic force microscopy (AFM). The AFM images were acquired in the tapping mode and in the repulsive force regime.
The optical reflection and transmission coefficients were recorded at room temperature, within the wavelength range from 300 nm to 1700 nm using a TEC-5 computer controlled spectrometer.
The absorption coefficient, α λ , was determined from the expression [22, 23] 
where d denotes the film thickness, T λ and R λ are the transmission and reflection coefficients at wavelength λ, respectively.
Results and discussion

Microstructural characteristics
The XRD patterns were used for identification of crystalline phases and microstructural analysis of the prepared ZnO thin films. Figures 1 and 2 show the representative XRD patterns.
In order to establish the influence of the structural characteristics of vacuum evaporated Zn thin films on the structure of ZnO thin films, the following experimental procedure was used: in the similar deposition conditions, two series of thin-film samples were obtained. The structure of first series was investigated by XRD technique immediately after deposition and the second series was submitted to a thermal oxidation (oxidation conditions were presented in Table I ) and then was studied by XRD analysis. Fig. 1a that zinc films are polycrystalline and have a hexagonal close-packed structure. The reflection corresponding to the (002) planes become more evidenced. Therefore, the films crystallites are preferentially oriented with c-axis normal to substrate surface. ZnO crystalline structure [1, 11, [14] [15] [16] . It can be observed that the diffraction patterns do not indicate the presence of zinc crystalline phase in ZnO films. Therefore, the used oxidation conditions provide growth of nearly stoichiometric ZnO films, having a single phase of ZnO.
Structural investigations showed that the zinc oxide films prepared under the mentioned conditions are polycrystalline and have a wurtzite (hexagonal) structure [2] [3] [4] . For all ZnO films, crystallites are preferentially oriented with (002) planes parallel to the substrate surface. The c-axis of hexagonal cell is normal to substrate, resulting in columnar crystallites that are perpendicular to the substrate surface (this structure is confirmed by AFM images in Fig. 3 ). The (100) and (101) planes are also evidenced in the XRD patterns. Lattice parameters of ZnO wurtzite structure, a and c, were calculated using a well-known analytical method [20] . Some structural characteristics of zinc film and zinc oxide film for one of our samples are shown in Table II . The obtained results for other samples are presented in Table III . For the ZnO films oxidized at higher temperature, these values, calculated using the (002) and (100) diffraction peaks, are slightly larger than standard values for ZnO polycrystalline powder (a = 3.249 Å, c = 5.201 Å) [14, 16] . This fact can be explained as an effect of the oxygen depletion in the film during oxidation process [14, 16] . The presence of other phases in ZnO system, as well of non-oxidized Zn atoms is not observed.
For the ZnO films obtained at lower oxidation temperature, the values of c-parameter of hexagonal cell (around 5.193 Å), calculated from the (002) peak position are very close to the c-parameter values of the bulk ZnO crystals [2, 24] , indicating that the films are displaying a low degree distortion due to the structural defects at film-substrate interface.
The average crystallite size were calculated from the Debye-Scherrer formula [20, 24] 
where k denotes the Scherrer constant (the shape factor of the average crystallite and can be considered k = 0.90 [25, 26] ); λ = 1.5418 nm is the wavelength of the incident Cu K α radiation; β 2θ represents the full-width at half-maximum of the respective peak and θ is the Bragg diffraction angle. For some studied samples, the crystallite sizes, calculated from Eq. (2) are presented in Table III . The average size varied from 24.68 nm to 32.21 nm. The films with greater thickness are characterized by greater crystallite size.
The Zn-O bond length, L, was also calculated using the relation [26, 27] :
where the u parameter for wurtzite structure can be expressed as [27] :
The It is known that cation-cation distance for wurtzite structure [28, 29] is
where c is parameter of hexagonal (wurtzite) cell (the height of hexagonal prism).
For our samples, the obtained values of d c are lower than those reported for bulk ZnO crystals [29] .
The preferred orientation of particular crystal planes relative to film substrate can be quantitatively evaluated using texture coefficient, T C(hkl), which has been determined from expression [30, 31] :
where I(hkl) is intensity of the XRD peak corresponding to (hkl) planes, n is the number of the diffraction peaks taking into account, I 0 (hkl) denotes the intensity of the XRD peak reference of the randomly oriented crystallites. For some studied samples, the T C(hkl) values for (002), (101) and (100) planes are listed in Table I , together with the oxidation conditions. It can be observed that T C(002) is greater than 2 for all samples. According to Eq. (6) if T C(hkl) is equal to one for all the considered (hkl) planes, then the films are characterized by a randomly crystallite orientation, similar to the standard (reference) JCPDS XRD pattern [21] . T C(hkl) values higher than one show that a large number of crystallites are oriented with their (hkl) planes parallel to substrate surface.
Table I also shows that film crystallites preferentially oriented with c-axis of hexagonal cell normal to the substrate surface are characterized by larger size. This behavior can be explained by supposing that these crystallites are present in early stages of film growth. It can be observed from XRD patterns (Fig. 2 ) that the films with lower thickness have a high intensity (002) peak. The T C(hkl) values decrease with increasing oxidation temperature.
The texture coefficient depends on the film thickness. At smaller thickness, film crystallites are preferentially oriented with their c-axis perpendicular to the substrate surface. We observe that an increase of the oxidation time results in increase of the crystallite size.
The standard value of the c/a ratio for the wurtzite structure is about 1.63. There is a good agreement between obtained values (Table III) and standard one. Therefore, it can be supposed that crystallites, preferentially oriented with (002), (110) and (101) parallel to the substrate surface, have a crystalline structure with small concentration of structural defects [2, 9] .
Additional information on the structural characteristics of studied films can be obtained from the calculation of strain and residual stress.
The strain in ZnO thin films along c-axis perpendicular to substrate surface can be calculated using the following expression [31] :
where c denotes the lattice parameter of hexagonal (wurtzite) cell of the ZnO films, c 0 is the unstrained lattice parameter for bulk ZnO (c 0 = 5.2066 Å [24] ). The residual stress, σ, in ZnO thin film can be determined by relationship [32] :
where c ij represent elastic stiffness constants for ZnO single crystals; c 11 = 208.8 GPa, c 33 = 213.8 GPa, c 12 = 119.7 GPa, and c 13 = 104.2 GPa [27] .
Using indicated values for c ij coefficients of the residual stress value can be estimated from [29] :
The c-parameter values and the calculated stress, using Eq. (9), for some studied samples are indicated in Table IV .
The residual stress of samples OXZ.60.07 and OXZ.60.09 is tensile and for samples OXZ.70.10 and OXZ.70.11 is compressive. Consequently, the annealing at 700 K determines the elimination of tensile film stress and improves film crystallinity (as also the XRD studies confirm).
The surface microstructure of the films was investigated by an ex situ atomic force microscopy (AFM). The AFM images depicted in Fig. 3 show that the film mi- crostructure is characterized by high-density columnar structure with low surface roughness. It can be observed that by increasing film thickness the crystallites are getting larger and begin to agglomerate and to form clusters. The average roughness, R a , was calculated by expression
where N is the number of deviations in height (z i ) from the profile mean value (z m ).
The average surface roughness, R a , varied between 35 nm and 108 nm, depending on film thickness. The AFM images show the differences between the surfaces roughness of the films oxidized at different temperatures.
AFM images show that the films are grain-like and crystallite size increases with increasing film thickness.
The obtained results for two studied samples are shown in Fig. 3 . It is noted from these images that in the film annealed at 600 K the crystallite size becomes much broader than these annealed at 700 K. This is in good agreement with crystallite size determined by the Debye-Scherrer expression (Table III) .
Optical characteristics
The typical optical transmission spectra of two investigated ZnO thin film samples in the wavelength range between 300 nm and 1800 nm are presented in Fig. 4 .
It is known that optical transmission of the thin films depends on the thickness and the surface morphology of the respective films. Generally, as the film is thinner and its surface morphology is more uniform, the transmission coefficient of the film becomes higher.
The average transmittance in the domain from 700 to 1600 nm of spectra was ranged between 80% and 90% for all studied samples. With increasing film thickness, the transmission coefficient decreases, due to the thickness effect [22] .
It can be observed from Fig. 4 that transmission spectra present a sharp edge at a wavelength corresponding to the forbidden energy gap of ZnO crystals [2, 9, 13, 22] . This behavior shows that the studied films have a stoichiometric and homogeneous structure [11, 30] . With increase of the oxidation time, the transmission edge becomes sharper, indicating an improvement in the crystalline structure of the films. It was also established that the increase of the oxidation time results in an important decrease of the transmission coefficient.
The absorption coefficient was calculated taking into account Eq. (1). It is well known that investigation of the fundamental absorption edge of the semiconducting thin films provides important information on the characteristics of interband electronic transitions and the value of optical energy bandgap [13, 22] .
Near the absorption edge, the energy dependence of the absorption coefficient, α, can be described by the following expressions proposed by Tauc [9, 28] :
-for the allowed direct transitions (neglecting exciton effect)
-for the forbidden direct transitions (also neglecting exciton effect)
In Eqs. (11) and (12), hν is incident photon energy, E g0 denotes the optical energy band gap (for wave vector k = 0), and A d and A i are characteristic parameters (independent of photon energy) for respective transitions [22] .
ZnO crystals are characterized by direct optical transitions [2] [3] [4] . Consequently, according to Eq. (11) , in the vicinity of the fundamental (intrinsic) absorption edge (αhν) 2 linearly depends upon the photon energy hν. Thus, by extrapolating the linear portions of the (αhν) 2 = f (hν) dependences to (αhν) 2 → 0 one can determine the value of E g0 for direct transitions. These dependences are presented in Fig. 5 . The obtained values of the band-gap width, E g0 , ranged between 3.17 eV and 3.19 eV. These values are in good agreement with those reported for bulk ZnO samples [2, 7, 33, 34] .
Conclusions
It was found that polycrystalline ZnO thin films with high transmission coefficient (80%-90% in visible spectral range) and hexagonal (wurtzite) structure, highly oriented with c-axis perpendicular to the substrate surface, can be prepared by thermal oxidation of vacuum evaporated zinc metallic films.
The film thickness was varied in the range from 780 nm to 1150 nm.
The structural characteristics (crystallite size, Zn-O bond length, texture coefficient, strain, etc.) of the films studied by XRD, AFM and X-ray photoelectron spectroscopy (XPS) show a good crystallinity columnar growth and a smooth surface.
In the wavelength range from 600 nm to 1600 nm, the transmission coefficient is generally over 80%. The optical band-gap energy calculated from absorption spectra (considering allowed direct transitions) were in the range 3.17-3.19 eV.
